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ABSTRACT
Few studies have examined winter habitat selection for southern flying squirrels
(Glaucomys volans) in northern latitudes where winter conditions are harsher than
southern latitudes and resource availability is particularly limiting. Winter den tree
characteristics and use by 19 southern flying squirrels (10 females and 9 males) were
investigated from November through February in 2010-2011 and 2011-2012. The mean
home range size using 100% minimum convex polygon for 18 individuals was 3.40 ha (+
0.46 SE) and there was no significant difference between genders (P= 0.56) or ages
(P=0.50). The mean 95% fixed kernel home range size was 0.15 ha (+ 0.02 SE). The
mean number of den trees used was 3.7 (+0.45 SE) over winter months. There were no
significant differences detected between genders (P = 0.68) or ages (P = 0.69) for total
number of den trees used. Individuals primarily selected sugar maple (Acer saccharum)
as den trees over other tree species. Results indicated that den trees (n=26) were taller,
had larger diameters and higher decay levels than other available trees in the immediate
vicinity (n=52). Genetic relatedness of winter aggregations revealed low relatedness -0.22
(95%CI: +0.17) and no evidence of southern flying squirrels preferentially nesting with kin

was detected. Southern flying squirrels require mature stand characteristics during winter
months and, late-successional forest conditions should be retained for the persistence of
the species in its northern range. The study also provides baseline data for analyzing
genetic relatedness of G.volans winter aggregations in the northern range of the species.
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CHAPTER I
WINTER HABITAT USE AND DEN TREE SELECTION OF SOUTHERN FLYING
SQUIRRELS IN SOUTHWEST MICHIGAN

INTRODUCTION
The southern flying squirrel (Glaucomys volans), is a highly arboreal sciurid that
inhabits temperate forests of eastern North America and exhibits activity during winter, a
crucial time of year for small mammal populations (West 1984, Merritt et al. 2001a,
2001b). The species forages nocturnally year-round and relies on stored hard mast as a
food source throughout winter. G.volans does not undergo hibernation during winter,
which is unique for a sciurid of a comparatively small mass (46.5 to 85 g; Linzey and
Linzey 1979). Regardless of season, G.volans plays an integral role in forested
ecosystems as a disperser of mast and as prey for raptors and larger mammals (Corace
and Lundrigan 2006). The range of G.volans extends from southern Quebec and Ontario,
in Canada, to the southern United States in Texas and Florida (Dolan and Carter 1977).
Throughout much of their southern range, winter months are not characterized by low
temperatures. Current studies indicate that climatic factors limit G. volans northern range
based on strong evidence of northerly range expansion due to warming climate (Bowman
et al. 2005, Myers et al. 2009, Garroway and Malcolm 2010).
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At the population level, resource availability can be limiting during winter
months in the northern extent of their range. To meet the high energy demands of this
time of year, G. volans requires habitat with adequate mast for consumption, and trees or
snags containing cavities for denning (Stapp et al. 1991, Fridell and Litvaitis 2001). It has
commonly been postulated that the species prefers habitat characterized by mature stands
with large diameter and decadent trees (Bendel and Gates 1985, Taulman et al. 1999,
Holloway and Malcolm 2007). Larger diameter trees provide more surface area for
landing when gliding, a primary means of travel for flying squirrels that uses less energy
than climbing (Holmes and Austad 1994). Further, mature trees are more likely to
possess some level of decay and to contain previously excavated or natural cavities.
G.volans is a secondary cavity nester and primarily uses cavities in their northern range
(Bendel and Gates 1987, Bakker and Hastings 2002). High cavity use in northern
latitudes can be attributed to greater microclimate stability (Holloway and Malcolm 2007,
Coombs et al. 2010). In turn, this facilitates non-shivering thermogenesis, a strategy G.
volans uses to cope with low winter temperatures (Merritt et al. 2001).
Habitat characteristics have been well-studied for G. volans during spring and
summer in their northern range (Bendel and Gates 1985, Holloway and Malcolm 2007),
but no studies explicitly examine winter habitat selection. Since winter temperature
appears to limit their northward expansion, it is important to understand what suitable
habitat characteristics are necessary for G.volans during this limiting season. The current
study also has implications for effects of global climate change on G.volans, and
responses to it in terms of future management needs. Therefore, the purpose of this study
was to examine winter habitat use and selection by G.volans in southwest Lower
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Michigan. The first objective was to measure individual winter home range sizes and
identify whether they differ between genders and ages. The remaining objectives were to
quantify the total number of den trees used by individual G.volans and determine if
differences exist based on gender or age; and to identify important den tree structural
attributes and habitat variables by comparing them to other available trees in the
immediate vicinity of den trees.
MATERIALS AND METHODS
Study Area. —The study was conducted in a ravine ecosystem located in Ottawa
County, Michigan (Section 30, T7N R13W; Figure 1). The site is approximately 142.5 ha
(Steve Snell, personal communication) flanked by Grand Valley State University on the
west and the Grand River on the east in Allendale, MI. Generally, it is described as a
beech-sugar maple forest located on a fine-textured moraine (Albert 1995). The site is
primarily used for recreational purposes with high foot traffic. From October through
February in 2010-2012, temperatures ranged from -3 to 76° F and 5 to 81° F, respectively
(Figure 2).
The study site is a late-successional forest with pockets of remnant mature stands
that are located on steep slopes and second-growth stands primarily in the upland areas.
The dominant upland tree species consisted of American beech (Fagus grandifolia),
sugar maple (Acer saccharum), red oak (Quercus rubra), basswood (Tilia americana),
eastern hemlock (Tsuga canadensis), white ash (Fraxinus americana), shagbark hickory
(Carya ovata), bitternut hickory (Carya cordiformis) red maple (Acer rubrum), tulip
poplar (Liriodendron tulipifera), and bur oak (Quercus macrocarpa). Dominant
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Figure 1. Study area location for Grand Valley State University ravines in Ottawa
County, MI Section 30 T7N R13W utilizing a topographic map and GVSU campus
buildings
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Figure 2. Mean low and high temperatures from October through February 2010-2011 (A) and 2011-2012 (B) for Allendale, MI. Data
was provided by Dr. Mel Northup and retrieved from the weather station located at The Meadows Golf Course on Grand Valley State
University, Allendale Campus.
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floodplain tree species included silver maple (Acer saccharinum), sycamore (Platanus
occidentalis), and lowland ash species (Fraxinus spp.).
Field Methods.— Individual G.volans were captured using live traps (7.6 cm x
7.6 cm x 25.4 cm, H.B. Sherman Traps, Tallahassee, FL). Trapping was conducted
October to December in 2010 and 2011. In 2010, we established 160 traps in 4 grids. In
2011, we removed 3 grids (120 traps total) from 2010 and established 95 additional traps
that were placed opportunistically in transects along ravine ridges. The placement of traps
differed in 2011 in order to increase capture success of G.volans and ensure safety for
field researchers checking traps on steep slopes at night. All trap stations were placed 40
m apart and consisted of 2 to 3 traps, which were placed approximately 1.5 m above the
ground. Traps were secured to trees using 17-gauge steel wire. Wool batting or cotton
balls were placed inside traps for insulation and traps were baited with a mixture of
peanut butter, rolled oats, and sunflower seeds. Traps were pre-baited and left open 5 to 7
days prior to trapping. To reduce potential flying squirrel mortality during colder nights,
traps were set at 1700 and checked between 2100 to 0000.
Species, location, and date of capture were recorded for all animals caught during
the study. Non-target species were released immediately. Handling and processing of
individual flying squirrels was conducted in a Grand Valley State University laboratory,
with the exception of one individual that was collared in the field. Captured flying
squirrels were anesthetized with Isoflorane for processing.
Flying squirrels received a uniquely numbered metal ear tag (Monel 1005-1,
National Band & Tag Company, Newport KY). Individuals were weighed, sexed and
aged based on a combination of body mass and pelage coloration (Linzey and Linzey
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1979). Flying squirrels weighing more than 50 grams received radio collars that did not
exceed 5% of the animal’s total body weight (Model BD-2C, Holohil Systems Ltd.,
Ontario, Canada). All handling of animals followed the guidelines of the American
Society of Mammalogists (Sikes et al. 2007) and was approved by the Grand Valley State
University Institutional Animal Care and Use Committee (Project No. 10-02-A).
To generate winter home range, nightly movements of G.volans were monitored
via triangulation using 3 three-element Yagi antennas and portable Telonics TR-4
receivers. Night telemetry was conducted roughly 3 nights per week from November
through February 2010-2011 and 2011-2012. Locations were measured for each G.volans
simultaneously by 3 researchers at fixed locations. Nightly locations were calculated
using Locate III Version 3.34 (Pacer Computer Software, Tatamagouche, Nova Scotia,
Canada) and recorded as UTM coordinates with a declination adjustment of 4°.
Triangulated locations with error polygon areas greater than 500m2 were not included in
final home range estimates. Biotas Version 2.0a (Ecological Software Solutions LLC.
Hegymagas, Hungary) was used to generate 100% minimum convex polygon (MCP) and
fixed 95% kernel home ranges, which included both night movement and den tree
locations.
In order to identify den trees, collared G. volans were located during the day.
Newly identified den trees were marked with a unique number and Universal Transverse
Mercator (UTM) coordinates were recorded using a handheld Global Positioning System
(Garmin GPS-III). Individuals were located the day after they were collared and
monitoring continued through February or until transmitter batteries died (approximately
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2-4 months). Animals were monitored 5 to7 days per week from October 20th, 2010 to
February 28th, 2011 and October 27th, 2011 to February 29th, 2012.
The following structural characteristics for den trees were measured: tree species,
tree diameter at breast height (DBH), total tree height (estimated with a clinometer),
stand basal area (using a 10-factor prism), and decay class (1 to 5). Stand basal area was
estimated in the immediate vicinity of each tree and included the den tree. Due to the
absence of leaves on trees during observations, decay class was based on the presence or
absence of four tree characteristics: cavities, scars, fungal conks, and broken limbs.
Decay classes were categorized as class 1 (0%; live tree); class 2 (1 to < 25% decay);
class 3 (25 to < 50% decay); class 4 (50 to < 75% decay); and class 5 (>75% decay;
snag). Characteristics were determined by visual inspection and higher locations on trees
were assessed using 8x binoculars (Healy et al. 1989).
Habitat characteristics were measured using a 30-m radius plot around each tree
(Bakker and Hastings 2002). The average distance to trees in the immediate vicinity,
percent of total area covered by fallen coarse woody debris (CWD), and average fallen
CWD diameter and length for trees > 15 cm diameter (Harmon et al. 1986) were
measured. Fallen CWD were measured when > 50% of the tree’s volume was within the
plot.
For each den tree identified, two available trees distanced 60 to 200 m away were
selected for comparison. A minimum distance of 60 m was used to ensure that habitat
measurements did not overlap. In the event that measurement plots did overlap, plots
were moved to distances greater than 60 m and a maximum of 200 m. Available trees
were marked with flags following measuring to make certain that they were only
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measured once. The same measurements for den tree and associated habitat were
measured for available trees. We used a random number generator to determine the
bearing direction from the den tree to first available tree that had a DBH >24.1 cm. We
did not allow deviation from the exact bearing therefore, if the tree did not meet the
required size we randomly selected another bearing within the 200m limit. We used a
>24.1-cm threshold because this was the smallest den tree size used during the study and
was similar to other nest tree studies (Bendel and Gates 1985, Holloway and Malcolm
2007). Available trees were defined as trees that were never identified as den trees for
collared individuals.
Statistical Analyses. — Assumptions of normality were tested using a ShapiroWilks' W test. Nonparametric Wilcoxon-Mann Whitney tests were used since the home
range sizes and number of den trees used between gender and age groups were not
normal. All data was pooled from the two field seasons due to insufficient sample size
from the second year. Pearson’s Chi-squared analysis was used to compare the
proportions of overall tree species and specifically, hard mast species. Pearson’s Chisquared analysis was also used to compare decay class proportions between den and
available trees.
Den and available trees were compared using a principal components analysis
(PCA). A covariance matrix was used in deriving principal components (PCs) and data
was standardized to z-scores using the following formula:

A Shapiro-Wilk mulitvariate normality test for structural and habitat variables and
visually inspected a scatter matrix to determine outliers. Although the assumptions for
9

multivariate normality were not met, data with descriptive goals have relaxed
assumptions of normality (McCune and Grace 2002). The number of principal
components was selected based on an examination of a scree plot, in which the
eigenvalues were plotted against PC to illustrate the rate of change in magnitude of
eigenvalues. The point where the curve levels off on the scree plot or those that have
eigenvalues greater than 1.0 indicated the number of PCs to use (Figure 9). The PC
loadings were interpreted at values > 0.40 or < -0.40. Significance tests were conducted
using an α-level ≤ 0.05 and all statistical analyses were performed using Program R (R
Development Core Team 2011).
RESULTS
Trapping. — During the 2010 and 2011 trapping seasons, a total of 16 and 6
unique southern flying squirrels were captured, respectively. The total number of
recaptures during the 2010 and 2011 trapping season were 9 and 34, respectively.
Trapping was conducted over 1,920 trap nights in 2010 and 2,430 trap nights in 2011.
Two mortalities occurred during the 2010-2011 field season, in which one individual died
inside a trap and another died due to predation. One G.volans died during the 2011-2012
field season inside a trap.
Home range. — The total number of night locations for each individual G.volans
ranged from 17 to 54 (mean = 37.60 + 2.63 SE). Night telemetry was conducted using 2
fixed locations 478 times and 3 fixed locations 379 times. A total of 180 of the
triangulated night locations did not meet the criteria to generate home range or were those
with error polygons greater than 500m2. Day locations ranged from 22 to 115 (mean =
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Table 1. Characteristics and number of locations for G.volans (n=20) monitored during winter months in Ottawa County, MI (20102012).

1
2

ID

Gender1

Age2

580
582
584
585
586
587
588
590
592
593
598
599
699
880
881
883
884
885
886
887
Mean + SE

M
F
M
F
F
F
F
M
M
F
M
F
M
F
M
M
F
M
F
M

A
A
S
A
A
S
A
A
S
A
S
S
S
A
A
A
A
A
A
A

Night Locations
2011
49
36
38
45
46
37
53
44
30
41
50
54
43.58 + 2.13

Male or Female
Subadult or Adult
11

Night Locations
2012
34
17
33
27
20
23
25.67 + 2.82

Day Locations
2011
22
99
87
69
102
97
72
105
95
57
97
90
115
85.15 + 6.88

Day Locations
2012
88
91
75
108
43
80
26
75
73.25 + 9.39

80.62S + 5.57 SE; Table 1). Home ranges were generated for 2 subadult and 7 adult
females and 4 subadult and 5 adult males and averaged 3.40 ha (+0.46 SE) for 100%
MCP and 0.15 ha (+ 0.02 SE) for 95% fixed kernel home range (Table 2). All home
ranges overlapped substantially using 100% MCP regardless of gender of age (Figures 3
and 4). Core areas were concentrated primarily around den trees, but some core areas
were located farther away and on the periphery of the entire home range (Figure 5 and 6).
Males seemed to use core areas farther away from den trees than females (Figure 5). No
significant differences were detected between gender (P=0.60) or age (P=0.50) for 100%
MCP home range (Table 2). No significant differences were detected between gender
(P=0.50) or age (P=0.56) for 95% fixed kernel home range (Table 2).
Den tree use. —A total of 2 subadult and 8 adult females and 4 subadult and 5
adult males were monitored and included for den tree analysis. These individuals used an
average of 3.7 (+0.45 SE) den trees over the course of the study. The total number of dens
used during the winter months for females and males ranged from 1 to 8 and 1 to 5,
respectively. Den use for subadults and adults ranged from 1 to 6 and 1 to 8 den trees,
respectively. The mean number of trees used per month for females and males ranged
from 1 to 3.3 and 1 to 1.75, respectively. The mean number of trees used per month for
subadults ranged from 1 to 2, while adults used ranged from 1 to 3.3 den trees. No
significant differences were detected in the total number of den trees used between males
and females (P = 0.68) or between subadults and adults (P = 0.69).
Den tree selection. —Squirrels used a total of 27 different den trees and 26 were
measured for analysis and compared to 52 available den trees. One den tree was not
measured because it had fallen into the Grand River before measuring could be
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Table 2. Winter home range sizes using 100% minimum convex polygon (MCP) and
95% fixed kernel home range for southern flying squirrels (n=18) in Ottawa County, MI
(2010-2012).

Female

Male

Subadult

Adult

9

9

6

12

100% MCP Mean (ha)

2.90 + 0.26

3.90 + 0.88

2.75 + 0.47

3.73 + 0.65

100% MCP Minimum

1.79

0.68

1.36

0.68

100% MCP Maximum

4.06

8.24

4.60

8.24

95% Fixed Kernel Mean (ha)

0.17 + 0.05

0.12 + 0.20

0.13 + 0.03

0.16 + 0.04

95% Fixed Kernel Minimum

0.01

0.05

0.04

0.04

95% Fixed Kernel Maximum

0.50

0.23

0.23

0.50

N

13

B

A

Figure 3. Winter home ranges for 9 female (A) and 9 male (B) southern flying squirrels using 100% minimum convex polygon (MCP)
in Ottawa County, MI from November-February 2010-2011, 2011-2012.
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B

A

Figure 4. Winter home ranges for 6 subadult (A) and 12 adult (B) southern flying squirrels using 100% minimum convex polygon
(MCP) in Ottawa County, MI from November-February 2010-2011, 2011-2012.
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Den Trees
100% MCP
95% Fixed Kernel
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Den Trees
100% MCP
95% Fixed Kernel

Figure 5. Winter den trees and home ranges for 3 female (A) and 3 male (B) southern flying squirrels using 100% minimum convex
polygon and 95% fixed kernel home range estimates in Ottawa County, MI from November-February 2010-2011, 2011-2012.
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AA
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Den Trees
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Figure 6. Winter den trees and home ranges for 3 subadult (A) and 3 adult (B) southern flying squirrels using 100% minimum convex
polygon and 95% fixed kernel home range estimates in Ottawa County, MI from November-February 2010-2011, 2011-2012.
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conducted. Den and available tree species composition were significantly different (χ 2 =
41.99, d.f. = 10, P = < 0.01). Flying squirrels did not select bigtooth aspen (Populus
grandidentata), eastern hemlock, and shagbark hickory as den trees (Figure 7), but did
use sugar maples as den trees more than any other tree species (46.2%). No significant
difference was detected between the percent of hard and non-hard mast trees for den and
available trees (χ 2 = 3.07, d.f. = 1, P = 0.08). Hard mast trees comprised 19.2% and
26.9% of den and available trees, respectively and included American beech, bitternut
hickory, and red oak. Den trees were more decayed than available trees (χ 2 = 13.08, d.f.
= 4, P = 0.011). All den trees showed signs of decay and all den sites were in cavities
since we did not see any evidence of external nests. Cavity use was confirmed for 5 of the
den trees by knocking on the tree and watching for squirrels to look out of cavities. This
method was limited in order to avoid disturbance to flying squirrels. The highest
percentage of den trees was decay class 2 and none were categorized as decay class 1 (i.e.
live trees). The highest percentage of available trees was decay class 2 and the least as
decay class 5 (i.e. snag; Figure 8).
PCA was analyzed using the first three PCs and accounted for 74% of variance
among the data (Figure 9; Table 4). The proportion of variance in den and available tree
measurements explained by PC1 and PC2 was 51% and 13%, respectively (Figure 10;
Table 4). Mean CWD diameter, mean CWD length and DBH explained the most
variation in habitat characteristics between den and available trees for PC1 (Table 3). In
addition, the total tree height and mean distance to trees explained the most variation
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Figure 7. Percent of tree species measured for winter den (white bars) and available (black bars) trees for southern flying squirrels in
Ottawa County, MI. Species composition was significantly different between den and available trees (χ 2 = 41.99, d.f. = 10, P < 0.01).
Acronyms for tree species include: AB=American beech (Fagus grandifolia), BA=Big-toothed aspen (Populus grandidentata),
BC=Black cherry (Prunus serotina), BW=Basswood (Tilia americana), EH=Eastern hemlock (Tsuga canadensis), RO=Red oak
(Quercus rubra), SH=Bitternut hickory (Carya cordiformis), SM=Sugar maple (Acer saccharum), TT=Tulip tree (Liriodendron
tulipifera), WH=White ash (Fraxinus americana).
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Figure 8. Percent of decay classes measured for winter den (white bars) and available (black bars) trees for southern flying squirrels in
Ottawa County, MI. Decay class composition was significantly different between den and available trees (χ 2 = 13.08, d.f. = 4, P =
0.011). Decay classes were categorized as class 1 (0%; live tree); class 2 (1 to < 25% decay); class 3 (25 to < 50% decay); class 4 (50
to < 75% decay); and class 5 (>75% decay; snag).
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Figure 9. Scree plot of variance for eigenvalues of seven principal components based on covariance matrix. A variance of 1.0 was
used as a cut off for selecting the number of principal components used to analyze characteristics of used and available southern flying
squirrel winter den trees in 2010-2012. PC1, PC2 and PC3 were selected for interpretation.
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Table 3. Principal components analysis PC loadings generated for southern flying squirrel winter den tree and habitat selection site characteristics
in Ottawa County, MI (2010-2012). Average distance to trees, coarse woody debris diameter, coarse woody debris length, and % coarse woody
debris were measured in 30-m radius plots.

Habitat Characteristics
DBH (cm)
Tree Height (m)
Mean distance to Trees (m)
Mean CWD Diameter (cm)
Mean CWD Length (m)
CWD (%)
Stand Basal Area (m2/ha)

PC1
-0.42
-0.39
-0.19
-0.54
-0.51
0.00
-0.28

PC2
0.31
0.53
-0.66
-0.28
-0.23
0.12
0.19
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PC3
-0.42
-0.19
-0.17
0.19
0.04
0.63
0.57

PC4
0.19
0.21
0.35
-0.10
-0.10
0.75
-0.46

PC5
-0.26
-0.00
-0.54
0.16
0.56
0.09
-0.54

PC6
0.65
-0.68
-0.21
-0.11
0.15
0.16
0.05

PC7
0.10
-0.10
-0.21
0.74
-0.58
-0.01
-0.22

Table 4. Principal components analysis proportion of variance and eigenvalues generated for southern flying squirrel winter den tree and habitat
selection site characteristics in Ottawa County, MI (2010-2012).

Proportion of Variance
Eigenvalues

PC1
0.51
5.60

PC2
0.13
1.40
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PC3
0.10
1.18

PC4
0.09
0.97

PC5
0.08
0.92

PC6
0.05
0.55

PC7
0.03
0.37

Figure 10. Principal components analysis (PCA) ordination biplot for winter den and available tree characteristics for southern flying
squirrels in Ottawa County, MI Section 30 T7N R13W. Variation is described by PC1 and PC2 at 51% and 13%, respectively.
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between den and available trees in PC2 (Table 3). Finally, percent CWD and stand basal
area explained the most variation for PC3.
The amount of high overlap between den and available trees is expected since
available trees were measured in close proximity to the den trees. The stand
characteristics and history are similar throughout the site, but the plot does reveal
variation in the parameters measured. Den trees were larger in diameter, taller, and
occurred in areas with higher stand basal areas compared to available trees (Figure 10,
Table 5). Den trees also had greater percent, mean diameter and length CWD than
available trees. The mean distance between trees was greater for den than available trees,
but still had considerable amount of overlap in the distances measured (Table 5).
DISCUSSION
Home range. —The mean winter home range size for all individuals using 100% MCP
(3.40 ha + 0.46 SE) was larger than winter estimates using 100% MCP from other studies
(2.38 ha + 0.93 SE; Gilmore and Gates 1985). The mean winter home range from this
study using 95% fixed kernel (0.15 ha + 0.02 SE) was 4 to 20 times smaller than summer
studies who used more restrictive home range estimators (Fridell and Litvaitis 1991,
Taulman and Smith 2004). Bendel and Gates (1987) reported a mean summer home
range size of 2.26 ha (+0.59 SE) for adults using a modified minimum convex polygon
(MMCP) estimator, which delineates home range boundary by one-fourth the distance of
two farthest locations (Harvey and Barbour 1965). G.volans home range sizes in their
northern range would be expected to decrease due to harsh winter conditions that
possibly limit activity (Stapp et al. 1991).
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The 95% kernel home range estimates of this study revealed some core use areas
for flying squirrels as farther away from den tree locations, particularly for males. This
suggests that flying squirrels of this study forage both close to den trees and far from
them. Although G.volans relies on previously stored hard mast in the winter, food caches
and foraging may occur in areas farther away from den trees (Stapp et al. 1991, Layne
and Raymond 1994). Male southern flying squirrels have been documented to use remote
foraging areas and females to forage close to den trees during the summer, which reduces
competition for food between squirrels (Taulman and Smith 2004). Therefore, the use of
remote foraging areas for males could continue from summer through the winter.
Differences in home range size were not detected between genders and ages for
the winter season. Studies conducted during G.volans breeding seasons have reported
male home range sizes 2 to 3 times larger than females (Bendel and Gates 1987, Fridell
and Litvaitis 1991, Stone et al. 1997, Taulman and Smith 2004). Male Siberian flying
squirrel (Pteromys volans) home ranges have been reported as 7 to 8 times larger
compared to females using 100% minimum convex polygon (Hanski et al. 2000). The
time frame of this study does not overlap with the breeding season for G.volans, which
may explain why there was little difference in home range size between males and
females. In addition, the high degree of overlapping home ranges suggests that the study
did not overlap with the breeding season as females become highly territorial at the onset
of pregnancy (Muul 1969, Madden 1974). Female home ranges during the breeding
season have been documented to overlap with at least 2 male home ranges, but not with
other females (Taulman and Smith 2004). Ultimately, there could be a marked difference
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Table 5. – Characteristics of den and available trees (>24.1 cm DBH) for 19 southern flying squirrels during November through February in
2010-2012. Average distance to trees, coarse woody debris diameter, coarse woody debris length, and % coarse woody debris were measured in
30-meter radius plots. All characteristics were measured in March, 2012 in a ravine ecosystem located in Ottawa County, MI.
Habitat
Characteristic
Den (n=26)

BA (m2/ha)

DBH (cm)

Height (m)

Mean

53.9

22.2

24.6

8.7

29.1

5.3

9.8

SE

3.8

1.0

1.9

0.9

1.3

0.3

1.8

24.1-89.4

12.3-31.1

9.1-42.7

2.9-20.7

18.8-48.3

3.4-10.7

1.0-38.0

Mean

41.9

19.0

17.4

8.0

28.4

5.1

6.4

SE

1.9

0.7

1.4

0.7

1.1

0.2

0.9

24.1-75.9

5.0-27.4

6.1-48.8

1.1-26.0

20.3-50.8

2.4-8.0

1.0-22

Range

Distance to Trees (m)

CWD Diameter (cm)

CWD Length (m)

% CWD

Available (n=52)

Range
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in home range sizes and overlap between southern flying squirrels during the winter
season compared to the breeding seasons in their northern range.
Subadult and adult home ranges were not significantly different for this study.
Differences in home range based on age have been reported as subadults may have
smaller home ranges during summer due to less physiological and behavioral
development and are still considered dependent (Linzey and Linzey 1979, Bendel and
Gates 1987, Stapp and Mautz 1991). Perhaps during the winter season, subadults have
had more time to develop and possibly utilizing more area, particularly those born during
the first breeding season in early spring.
Den tree use. —The mean number of den trees (3.7) for all G.volans is consistent
with other studies in northeastern regions in North America (Bendel and Gates 1985,
Gilmore and Gates 1985, Holloway and Malcolm 2007). However, these studies were
conducted during spring and summer months (April-July). A summer study at the same
site documented more than 50 den trees for nine southern flying squirrels in one summer
(John Brassard, personal communication). This suggests that there may be differences in
the number of den trees used during the summer compared to winter in more northern
parts of their range. The number of total den trees used did not differ between gender and
age groups, contrary to summer studies that have reported higher numbers of den trees
used by adult males (Hanski et al. 2000). Breeding males generally tend to use more dens
and larger home ranges in order to gain access to females during the breeding seasons in
early-spring and late-summer (Stapp and Mautz 1991, Meyer 2005). Only the last two
weeks of our study overlapped with the first breeding season. A larger sample size may
have resulted in significant difference for den tree use. Hanski et al. (2000) followed 37
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flying squirrels in their study, while this study included 19 individuals. Age and gender
differences may not play a prominent role in the number of den trees used by G.volans
during winter as there is a greater need to conserve energy by limiting movements.
Den tree selection.— In this study, G.volans only used cavities as nests and
predominately sugar maple as den trees, a common species in our study area. Sugar
maples may have been selected more often because they are prone to form branch core
cavities, which have high wildlife value (DeGraaf and Shigo 1985). Mast trees were not
preferred as den trees, in contrast to Holloway and Malcolm (2007) who found G.volans
prefer mast species (i.e. American beech). Although G.volans did not prefer mast species
as dens, the occurence of hard mast trees within the study site still suggests their
importance. Acorns are typically the primary food stored by small mammals during
winter where oaks are present. Flying squirrels exhibit high site fidelity for areas with
high mast production (Bowman et al. 2005). Further, Bowman et al. (2005) found
population crashes of G.volans during winters where cold temperatures influenced mast
availability. Populations of other small mammals have also been shown to decrease after
low mast years (Goodimer et al. 1971, Wolff 1996, McShea 2000).
G.volans generally selected larger diameter, taller and more decadent trees as den
trees. These den tree attributes were similar to summer studies on G.volans (Bendel and
Gates 1985, Taulman et al. 1999, Holloway and Malcolm 2007). It is unknown if den tree
attributes from this study are similar to other northern regions in the winter since studies
are not available. Tall trees better facilitate gliding and predator avoidance, which is
important regardless of season (Ando and Imaizami 1982). However, the selection of
larger diameter trees for winter dens in this study was unexpected. Coombs et al. (2010)
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examined winter thermal properties for cavity trees in central Ontario hardwoods and
found strong evidence that larger diameter trees with little decay were slower to warm up
during the day than smaller, decadent trees. It would seem that during winter flying
squirrels would select smaller, decadent trees that heat faster due to their diurnal nesting
habits. In our study, G.volans preferred larger diameter trees with cavities, which may
suggest that selection of den trees is based on reasons other than a tree’s ability to heat up
during the day. Larger trees may have higher cavity volume that supports social
thermoregulation of G.volans. Cavities were the only nest type used in our study, which
suggests that decaying trees are important in den tree selection. Pileated woodpeckers
(Dryocopus pileatus) are also common at this site and excavate cavities used as nests by
G.volans (Nayer et al. 1996).
The distance to adjacent trees was similar for den and available trees. Studies
have found positive correlations between an open midstory and nesting occurrence
(Bendel and Gates 1985, Taulman et al. 1998). Greater spaces between trees are
important for flying squirrel habitat selection, in which an appropriate threshold of
spacing is necessary for optimal gliding (Stapp 1994). Bendel and Gates (1985)
suggested that roughly 75-m spacing between trees was the appropriate distance for
G.volans gliding, but may not be realistic in other eastern forests. In this study, the
highest distance from adjacent trees to den and available trees was 20.7 m and 26.0 m,
respectively. The similar distances for den and available trees suggests that more open
areas surrounding trees are not available within the study site. Flying squirrels may
generally prefer smaller distances between trees at this site compared to other studies.
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Comparisons to sites similar to this study would be necessary as the number of studies
that explicitly measure optimal distances for gliding is limiting.
G.volans selected den trees surrounded by higher percentage, longer and larger
diameter fallen CWD. Larger-diameter logs provide more cover and foraging potential.
Longer logs provide connectivity across the forest floor and may increase animal fitness
as they can remain under cover, thus, reducing predation risk (Zabel and Anthony 2003).
Although understory characteristics have been found to be positively correlated with the
nesting presence of flying squirrels (Bendel and Gates 1985), vegetation is lacking during
the winter. Our study site mostly consisted of fallen logs as ground cover and therefore,
CWD could be used for protection from predators as an alternative to a dense shrub layer.
In one instance, we located a collar that had slipped off of an adult female inside of a 23cm diameter log. CWD is often described as an important habitat characteristic for small
mammal populations, including flying squirrels (Harmon et al. 1986, Loeb 1999, Pyare
and Longland 2002). The average percentage of fallen CWD for den and available trees
(9.8% and 6.4%, respectively) is similar to a study conducted in an even-aged hardwood
Michigan forest that was considered to meet guidelines for wildlife use (Goodburn and
Lorimer 1998). An overall habitat use versus availability study could reveal the
importance of percent CWD at the landscape-level rather than at the microhabitat-level.
Future winter studies in northern latitudes should compare summer measurements
in the same areas, in order to detect specific seasonal differences in habitat selection. It is
understood that not every G.volans within the site was monitored during the winter.
Therefore, strategies to ensure that available trees are truly unoccupied by G.volans
should be adopted and may include climbing trees or the use of remote camera
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technology. Conducting a population estimate is also recommended for this study site.
Comparing data between years is suggested as differences may be detected based on a
year effect or temperature.
Management Implications.— Management practices are rarely implemented to
directly benefit G.volans in the Midwest. Given the current evidence of a northern range
expansion of G.volans due to warming climates, understanding their habitat requirements
is important for future management of the species. The results of this study suggest that
G.volans select taller, larger diameter and more decadent trees during winter months. To
support G.volans populations in forests with similar stand characteristics, forest
management practices that maintain suitable den trees and microhabitat attributes is
recommended. In the event that a timber harvest does occur, maintaining two suitable den
tree/ha is suggested. The threshold of den trees/ha is based on the maximum number of
den trees used (8) and maximum home range size (8.23 ha) in this study. It is suggested
that appropriate winter den trees sizes are those with a >53.9-cm DBH and total tree
height of > 22.2m. Since higher stand basal area surrounding den trees was an important
attribute in den selection, retaining a stand basal area of >26 m2/ha in the immediate
vicinity of den trees is also suggested. Maintaining larger trees and higher stand basal
areas in the vicinity of den trees would require single-tree selection and variable-density
thinning surrounding suitable trees. This study also found that all den trees contained
cavities. Trees of the suggested suitable diameter and total height should also contain
cavities if they are not already present. Accelerating decadence in suitable den trees can
be accomplished by fungal inoculation or wounding trees (e.g. girdling). Suitable trees
may also be supplemented by creating artificial cavities for denning (Carey 2002).
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Given that CWD sizes were important in G.volans den site selection, it’s
recommended to maintain fallen CWD with a minimum of 29.1-cm diameter and 5.3-m
length surrounding den trees. Burning prescriptions could be applied and designed to
maintain large wood and snags used as nesting and foraging habitat for G.volans. Under
the same conditions, prescribed fire may create some snags through mortality of live trees
and eventually provide fallen CWD. It is cautioned that these suggestions and estimates
of suitable microhabitat requirements are likely conservative because the estimates are
based on only one late-successional site and do not incorporate the inclusion of other
habitat types where G.volans has been found in the Midwest.
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CHAPTER II
GENETIC RELATEDNESS OF SOUTHERN FLYING SQUIRREL
WINTER AGGREGATIONS IN SOUTHWEST MICHIGAN

INTRODUCTION
Social behavior that is influenced by kin selection is partly based on association
between relatives or the amount of time individuals spend together (Hamilton 1964).
Temporal variation in social-living can be influenced by a species’ environment and lifehistory strategies. The persistence of a group can vary from a stable, year-round
association to seasonally gregarious (Parrish et al. 1997). Some highly social fissionfusion groups of mammals, particularly primates, are flexible and can change over days
or weeks (Kummer 1985, Mitani et al. 2002). For example, raccoons (Procyon lotor)
exhibit group-living that persists both seasonally and long-term (Prange et al. 2011).
Fitness costs and benefits of living in groups can be optimized by flexible fission-fusion
societies. Costs associated with group-living can include impacts to an individual’s
energetic fitness, parasite or disease transfer, competition for food, and infanticide
(Michener 1983). Fitness benefits include, but are not limited to: resource sharing,
predator detection and defense, parental investment or communal nesting, or social
thermoregulation (Ebensperger 2000, Hayes 2000).
Sciurid social systems have been well-studied and exhibit a wide range of
organization from solitary to highly social (Armitage 1981, Hare and Murie
1996).Ebensperger 2000, Ebensperger and Hayes 2008). Sciurids that live in groups
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display benefits that include greater protection from predators through increased
vigilance (Hamilton 1971), and enhanced social thermoregulation (Karasov et al. 1983,
Stapp et al. 1991). Tree squirrels are generally considered to be asocial, but can form
aggregations when food is abundant and to reduce cold stress (Gurnell 1983).
The southern flying squirrel (Glaucomys volans) is a widely distributed tree
squirrel throughout eastern North America. The species is documented as seasonally
gregarious with groups averaging 5 to 20 individuals throughout the year (Muul 1968,
Dolan and Carter 1977, Layne and Raymond 1994). G.volans can form groups
throughout the year, but females will display aggression toward males and disband
groups at the onset of breeding seasons (Muul 1968, Merritt et al. 2001). However, small
female-only aggregations have been documented during the breeding seasons (Muul
1968). G.volans exhibits year-round, nocturnal activity and does not undergo hibernation.
These activity patterns are consistent throughout its range, even in its northern
distribution where winter conditions are harsh. G.volans loses a considerable amount of
heat during low temperatures due to its small mass (46 to 85 g) and high body
temperatures (VanVoorhees 1976). To reduce energy costs during cold winter
temperatures, G.volans reduces foraging by feeding on cached tree mast, uses thermally
insulated cavities and exhibits social thermoregulation. Aggregations are formed in
response to declining photoperiod and decreased ambient temperatures. Winter
aggregation sizes may increase with decreased temperatures and are largest in mid-winter
(Muul 1968).
The role of kin selection in forming winter aggregations has mostly been
examined for populations in the southern range of G.volans. Layne and Raymond (1994)
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used nest box surveys in Florida to postulate that aggregations preferentially nest with kin
during winter. Genetic analyses revealed that winter aggregations in six southeastern
United States regions consisted of related individuals in 57% of the groups (Thorington et
al. 2010). G.volans preferentially forms groups for overwintering with kin when given
the choice of kin and non-kin (Thorington and Weigl 2011a). However, unrelated
squirrels can join aggregations over time after becoming familiar with kin-based groups.
A captive study of flying squirrels revealed that related groups are more tolerable of
accepting non-related individuals into a winter aggregation, while non-related groups are
less willing to accept additional squirrels (Thorington and Weigl 2011b). These studies
were conducted in a captive setting where the selection regime was controlled and there
was relatively no foraging pressure since food was provided. Therefore, the results in a
captive study may not be consistent for wild G.volans populations where resource
availability and population densities vary spatially and temporally.
There is a lack of research that examines genetic relatedness of G.volans winter
aggregations in their northern range. It has been concluded that G.volans winter
aggregations preferentially nest with kin in the southern range of G.volans (Thorington et
al. 2010). However, since winter conditions are harsher in the northern range of G.volans,
aggregations may be less genetically related in order to allow more individuals in a group
and promote better social thermoregulation. Therefore, the objectives of this study were
to characterize the genetic structure of winter aggregations of G.volans in southwest
Michigan, estimating relatedness within and between groups, and assessing whether kin
were more likely to overwinter together.
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MATERIALS AND METHODS
Southern flying squirrels were captured in a ravine system located in Ottawa
County, Michigan (Section 30, T7N R13W; Figure 1) using live traps (7.6 cm x 7.6 cm x
25.4 cm, H.B. Sherman Traps, Tallahassee, FL). Trapping occurred from May to June
2011 and October to December in 2010 and 2011. Handling and processing of individual
flying squirrels was conducted in a Grand Valley State University laboratory, with the
exception of one individual that was collared in the field. Captured flying squirrels were
anesthetized with Isoflorane for processing.
Flying squirrels received a uniquely numbered metal ear tag (Monel 1005-1,
National Band & Tag Company, Newport KY). Individuals were weighed, sexed and
aged based on a combination of body mass and pelage coloration (Linzey and Linzey
1979). Flying squirrels weighing more than 50 grams received collars equipped with
radio transmitters that did not exceed 5% of the animal’s total body weight (Model BD2C, Holohil Systems Ltd., Ontario, Canada). Ear punches (3-5 mm) were taken as DNA
samples. Individuals were released at locations of capture after recovering from
anaestization, which was roughly 10-20 minutes. Samples were stored in Eppendorf tubes
and at -20 ° Celsius prior to DNA extraction. Processing of animals followed guidelines
established by the American Society of Mammalogists (Sikes et al. 2011), and was
approved by the Grand Valley State University Animal Care and Use Committee (Project
No. 10-02-A).
Previously collared flying squirrels were located during the day to identify den
sites and which squirrels were located in the same tree. Individuals were located the day
after they were collared and monitored through February or until transmitter batteries
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died (approximately 2-4 months). Animals were monitored 5 to7 days per week from
October 20th, 2010 to February 28th, 2011 and October 27th, 2011 to February 29th, 2012.
Monitoring was used to calculate association between paired individuals. Association
was defined as the proportion of days two flying squirrels were found in the same den
tree compared to the total number of days each G.volans was collared at the same time.
Microsatellite analysis. — Extracted DNA from 18 flying squirrels, 12 from
summer and 6 from winter aggregations, were screened. DNA samples were not
available for all squirrels monitored during the winter. In addition, 12 flying squirrels
samples were not included in winter aggregation relatedness because they were not
monitored during the winter. DNA was extracted following the bench protocol for animal
tissue using Qiagen DNeasy Blood & Tissue kit (Venlo, Netherlands). All DNA
extractions were ran on a 1% agarose gel, stained with Ethidium Bromide (EtBr) and
photographed with Carestream Molecular Imaging Software (Standard Edition, V.
5.0.7.22, Carestream Health INC). DNA was diluted for PCR by mixing 1:9 genomic
DNA to water.
Polymerase chain reaction (PCR) was performed in 20 μL reactions with final
concentrations of: 1X Colorless Go Taq reaction buffer with 1.5mM MgCl2, 0.25 mM
dNTP mix, 0.1 μM forward and reverse primers, 0.1 μM M13 Primer labeled with FAM,
VIC, NED, or PET, 0.35 units Go Taq DNA polymerase, and 3µL of diluted genomic
DNA. Six G.volans primers were amplified (SFS-02, 03, 04, 07, 14, 15) and one northern
flying squirrel (Glaucomys sabrinus) primer (GS-10) (Fokidis et al. 2003) on a BioRad
MyCycler thermal cycler. PCR products for all primers were obtained using the
touchdown 60 °C protocol described in Fokidis et al. (2003). PCR products were
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visualized on an ABI 3130xl Genetic Analyzer, (Applied Biosystems, Inc.) located at the
Annis Water Resource Institute (Muskegon, MI). Alleles were scored using PeakScanner
v1.0 (ABI, Inc.).
Analyses. —Data from two winter aggregations from the 2010-2011 and 2011-2012
season (3 and 4 individuals, respectively) were available to analyze relatedness. The
program Genepop on the Web version 4.0.10 (Raymond and Rousset 1995) was used to
calculate observed heterozygosity (HO), expected heterozygosity (HE), and the number of
alleles for each locus. Genepop was also used to test for deviations from Hardy-Weinberg
equilibrium for each locus and all individuals sampled using the Hardy-Weinberg
probability test. Inbreeding coefficients (Fis estimates) were calculated in Genepop using
two different methods, Weir and Cockerham (1984) and Robertson and Hill (1984).
Pairwise genetic relatedness was estimated among G.volans individuals using the
program KINGROUP v2.0 (Konovalov et al. 2004). Kinship estimates an unbiased
estimate of relatedness between individuals according to the nonparametric method of
Queller and Goodnight (1989). Potential relatedness values ranged from 0 to 1. The
number of independent microsatellite loci analyzed and their level of polymorphism in
the population can influence the variance around the mean. The same estimates were
calculated for two different winter aggregations from the 2010-2011 and 2011-2012 field
seasons (3 and 4 individuals, respectively).
KINGROUP v2.0 was also used to determine which pedigree most likely exists
under observed genotypes between paired southern flying squirrels. KINGROUP v2.0
uses a likelihood framework to estimate the probability that paired individuals share
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observed pairwise genotypes given different pedigree relationships. The program tests if
the probability of a null pedigree is significantly higher than an alternative pedigree given
the allele frequency in the population. Based on observed genotypes, it was tested
whether a parent/offspring relationship is more likely than two unrelated individuals. It
was also assessed whether paired individuals were more likely full-sibling than unrelated.
A nonparametric Mantel test was used to compare matrices of pairwise genetic
relatedness and association, or the proportion of days individuals were observed in the
same group. The P-values were estimated using a randomization method with 1,000
permutations. Statistical analyses were performed using a significance level of 0.05 in
Program R (R Development Core Team 2011).
RESULTS

Microsatellite genotypes were generated for all 18 G.volans samples and 69 total
alleles were identified. SFS-04 was the most polyallelic with 16 alleles and SFS-03 was
the least polyallelic locus with 6 alleles (KINGROUP v2.0, Table 1). SFS-04 and GS-10
were not in Hardy-Weinberg equilibrium at P=0.01 and P=0.02, respectively. HardyWeinberg equilibrium was rejected when all loci are tested (χ2= 25.26, df=12, Prob=0.01,
Genepop on the Web, version 4.0.10, accessed April 14, 2012, Table 1). All loci had low
inbreeding coefficients indicating that the population had more heterozygote alleles than
homozygotes and two loci (SFS-07 and SFS-15) with heterozygote excess (Table 1).
The mean pairwise relatedness between paired individuals for all 18 flying
squirrels was 0.15 (95% CI: +0.04), indicating that the majority of individuals were
unrelated. The mean pairwise relatedness for the winter aggregations was low at -0.22
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Table 1. Characteristics of the six amplified loci used for southern flying squirrels (n=18) monitored in Ottawa Co., MI. All values
were estimated using Genepop on the Web (version 4.0.10: Hardy-Weinberg test—Option 1.3, and Basic Data—Option 5.1, accessed
April 12, 2011). Inbreeding coefficients (Fis estimates) were calculated in Genepop using two different methods, Weir and Cockerham
(1984) and Robertson and Hill (1984). Locus sequences and repeat motifs available in original primer note (Fokidis et al. 2003).
Hardy-Weinberg Equilibrium Estimates
Fis Estimates
Allele Size
Locus

Expected

Range (bp) Number of Alleles Observed Heterozygosity (Ho)

Heterozygosity (HE)

P

SE

W&C

R&H

SFS-03

233-249

6

0.57

0.59

0.4237

0.0076

0.0386

0.0048

SFS-04

147-187

19

0.86

0.92

0.0142

0.0087

0.0919

0.0959

SFS-07

249-273

11

0.77

0.71

0.5423

0.0273

-0.0890

-0.0325

SFS-14

153-173

10

0.57

0.63

0.2223

0.0197

0.2000

0.1327

SFS-15

118-134

10

0.84

0.81

0.2634

0.0161

-0.2900

-0.0433

GS-10

215-237

13

0.7

0.89

0.0171

0.0054

0.2079

0.1015

0.1594

0.2591

69

All (Fisher’s Method) χ2= 25.26, df=12, P=0.01
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(95%CI: +0.17). The mean pairwise relatedness of winter aggregations from 2010-2011
and 2011-2012 were -0.36 (95%CI: +1.15) and 0.09 (95%CI: +0.33), respectively. I
found one full-sibling relationship between two adult males for the 2011-2012
winter aggregation (P=0.05, KINSHIP 1.0, Table 2). The rest were more likely unrelated
than full-sibling or parent-offspring.
The Mantel test comparing the days flying squirrels spent in the same den and
pairwise relatedness resulted in no significant difference (P=0.15, 1000 permutations),
indicating that there was no relationship between relatedness and association among
winter aggregations.
DISCUSSION
No evidence found that wild G.volans winter aggregations were more likely to
consist of relatives than non-relatives. The mean pairwise genetic relatedness was
relatively low between individuals sampled (0.15). Only one pair of adult males from the
2011-2012 winter aggregation was estimated more likely to have a full-sibling
relationship than unrelated. However, samples were useable for only 6 of the 18 to
explicitly analyze winter aggregations, which may not necessarily be a representative
sample of all winter aggregations at this site.
Further, both DNA samples and monitoring data were necessary to examine
G.volans winter aggregations. Monitoring was used to assign 19 individuals to winter
aggregations, but DNA samples were only available for 6 individuals. If monitoring and
genetic data were available for every individual in an aggregation, it would be possible to
better understand the relatedness of wild G.volans winter aggregations in their northern
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Table 2. Half-matrix of pairwise genetic relatedness for paired southern flying squirrels in Grand Valley State University ravines Ottawa
Co., MI. Two different nesting aggregations were included in analysis from 2010-2011 (3,4,9) and 2011-2012 (9,12,15,17). One
comparison was more likely a full-sibling relationship than unrelated for samples 9 and 15. Analyses were calculated using KINGROUP
v2.0 (Konovalov et al. 2004).
Sample ID

3

4

9

3

--

4

-0.69

--

9

0.17

-0.56

--

12

--

--

0.12

--

15

--

--

0.68

0.13

--

17

--

--

-0.19

-0.10

-0.10
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12

15

17

--

range. The degree of genetic relatedness of G.volans winter aggregations might vary
depending on the geographic region. There is evidence of high genetic relatedness among
aggregations in the southern range for G.volans (Layne and Raymond 1994, Thorington
et al. 2010, Winterrowd et al. 2005). In the G.volans northern range, Thorington et al.
(2010) reported a low mean relatedness (0.048) for a population sampled in Monroe
County, PA. On the periphery of their northern range, aggregations of G.volans in
southern Ontario were more likely unrelated (Garroway et al. 2011). Genetic relatedness
of winter aggregations could be lower in northern regions compared to southern regions
due to colder ambient temperatures and harsher weather conditions. Therefore, social
thermoregulation may take precedence over the degree of relatedness among individuals
in an aggregation.
Resource availability may also impact the degree of relatedness among winter
aggregations. Winter groups are more likely highly related when more resources are
available and less related when resources are lacking (Thorington et al. 2011a). G.volans
stores acorns in the fall to consume during the winter. Based on trapping data, the site
experienced an increase in white-footed mouse (Peromyscus leucopus) captures, which
suggests that the previous year experienced a high mast crop (Ostfeld and Keesing 2000).
Although the site may have had ample resources, the degree of relatedness was low
among winter aggregations. Having genetic data from all winter aggregations and longterm measurements of mast availability would help determine whether resource
availability influences the relatedness of winter aggregations.
The degree of relatedness among G.volans winter aggregations may fluctuate over
the winter based on changing temperatures. As temperatures decrease over winter,
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aggregations sizes increase and are highest during the coldest times of the winter (Muul
1968). The need for increased social thermoregulation during cold ambient temperatures
could take precedence over a preference for kin in forming winter aggregations. Highlyrelated aggregations may be more tolerable of additional flying squirrels if temperatures
decrease substantially. This is especially more likely in their northern range where
ambient temperatures are much colder. Examining the degree of relatedness, aggregation
sizes and winter temperatures would be necessary to determine if social thermoregulation
supersedes relatedness in forming winter aggregations.
Results of this study did not suggest a relationship between relatedness and the
amount of time individuals were found in the same den. Thorington et al. (2011b) found
that unrelated flying squirrels were found in the same winter aggregation only after
gaining one year of familiarity. Summer interactions could influence the formation of
winter aggregations between unrelated individuals (Garroway et al. 2011, Thorington and
Weigl 2011a). However, the degree of familiarity of unrelated individuals prior to winter
is unknown in the present study and is not well-documented in wild populations.
Familiarity between highly-related aggregations and unrelated individuals could also
increase as winter progresses and result in fluctuations in aggregation relatedness
(Garroway et al. 2011, Thorington and Weigl 2011b). A pattern of relatedness and
association could be detected comparing early, middle, and late winter if all individuals
were sampled.
Understanding the genetic relatedness of G.volans populations will be helpful in
managing the species on the northern periphery of their range where G.sabrinus
populations overlap. The northward range shift of G. volans may limit the ability of G.
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sabrinus to persist in the southern part of its range. Garroway et al. (2010, 2011) found
both species in aggregations and suggested that they nested together to facilitate more
social thermoregulation. In doing so, mating between species can occur and form
hybridization zones, which could ultimately impact both species. Garroway et al. (2011)
indicate that hybridization of the two Glaucomys spp. could also result in low genetic
variability and possible extinction of G.sabrinus. Southern flying squirrels often carries
and is tolerable of the intestinal nematode Stronglyoides robustus, which has been
suggested to have been adapted to specific G.volans life history strategies. Unlike G.
sabrinus, southern flying squirrels prefer to nest in cavities, line the cavities with organic
matter and defecate in nests. All of which are suitable conditions for S.robustus (Wetzel
and Weigl 1994, Pauli et al. 2004). It has been postulated that S.robustus cannot thrive in
northern, colder climates, but nest sharing between both Glaucomys spp. can still
facilitate transmission of S.robustus. Therefore, in areas where the two Glaucomys spp.
overlap and harsh winter conditions influence nest sharing, G.sabrinus is more
susceptible to contracting this parasite for which it does not seem well-adapted to
combating (Bowman et al. 2005, Kirchbaum et al. 2010, Garroway et al. 2011).
Understanding winter group-living social dynamics of G.volans in their northern range,
when conditions are more extreme and complex could provide useful information in areas
where both Glaucomys spp. persist.
Ultimately, the present study may be consistent with similar research on
relatedness of G.volans winter aggregations, but further analysis is necessary. There
seems to be strong evidence that winter groups in high quality habitat are primarily kinbased (Thorington et al. 2010, Thorington and Weigl 2011b). However, there is little
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documentation for relatedness of wild populations of G.volans in the Great Lakes Region.
It would necessary to conduct a year-round and long-term study in order to detect
patterns in G.volans social dynamics, as they have been suggested to be more complex in
their northern range (Bowman et al. 2005, Thorington and Weigl 2011a). Determining
the exact sizes of the winter aggregations throughout the season in combination with
relatedness, background familiarity, mast availability, and temperature would prove to be
beneficial for the present study site. Identifying the driving factors in G.volans social
systems in their northern range may be useful in determining differences along a
latitudinal gradient throughout their range. Further, examining overall genetic relatedness
of G.volans could be useful in management where range shifts have occurred and
predicting outcomes for the species in relation to climate change.
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